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Abstract—This paper proposes a digital pre-distortion (DPD) linearization technique for an NxN MIMO
multi-band transmitter in the presence of nonlinear crosstalk. Nonlinear crosstalk refers to the signal
leakage and coupling effect between the MIMO paths at the input of power amplifiers. In the proposed
technique, the RF signal of each frequency band in each path is characterized and linearized separately. The
performance of the proposed DPD is validated using a 2x2 MIMO setup including two power amplifiers
driven by dual-band long-term evaluation (LTE) signals. Two scenarios are then considered in the presence
of the crosstalk level of -20dB: a MIMO dual-band transmitter and a MIMO tri-band transmitter. The
simulation and experimental results demonstrate a low normalized mean square error (NMSE) between the
model and the measurement results. By applying the DPD a significant improvement in adjacent channel

power ratio (ACPR) to less than -50 dBc is achieved.

Key words: multiple input multiple output (MIMO), digital pre-distortion (DPD), nonlinear crosstalk,

multi-band, power amplifier.



1. INTRODUCTION

Currently multi-band wireless systems are highly demanding due to their flexibility and reconfigurability to
support the different frequency bands simultaneously. Moreover, in multi-band systems, the interference
and distortion effects between frequency bands degrade the overall system performance [1,2]. Those effects
turn into a challenging issue in nonlinear devices and components such as power amplifiers (PA) and
transmitters. Therefore, it is essential to consider the nonlinear inter-modulation distortion between
frequency bands in order to provide an accurate model for multi-band PAs [1,3, 4]. On the other hand,
deploying multi-band PAs in multiple-input multiple-output (MIMO) topology, which is known to suffer
from the presence of crosstalk between the multiple paths, becomes more challenging [5].

Behavioral modeling and also digital pre-distortion (DPD) as an efficient method to compensate for the
nonlinearity of the transmitter have been widely investigated. Several schemes of two-dimensional DPD
are proposed for a concurrent dual-band transmitter in [6, 7, 8, 9]. Also, mitigation and compensation of
nonlinear distortion in tri-band transmitters have been studied in [10, 11].

Furthermore, the modeling and linearization of MIMO transmitters with different complexities have been
recently explored in [5], [12, 13, 14].

Authors in [5] classified the crosstalk and coupling effect in a MIMO system as either linear or nonlinear
crosstalk depending on where crosstalk occurs. Nonlinear crosstalk refers to the coupling which takes place
before the PA as the main source of nonlinearity in the system. Therefore, the RF signal passes through a
nonlinear device. The main source of this type of crosstalk may be the coupling between MIMO paths
where they are implemented on a same chipset or the RF leakage signal through the common local
oscillators [15]. On the other hand, the coupling between antennas at the transmitter and receiver which
occurs after PAs, introduces linear crosstalk. Based on [5], unlike linear type, nonlinear crosstalk cannot be
compensated by the conventional matrix inversion at the receiver, and therefore, essentially, should be

considered in nonlinear modeling.



In [5], a crossover DPD is introduced to compensate for nonlinear crosstalk and nonlinearity in MIMO
systems. Moreover, the performance of several behavioral models for linearization of a MIMO transmitter
in the presence of linear and nonlinear crosstalk is studied and compared in [14]. However, to the best
knowledge of the authors, behavioral modeling and compensation for the impairments of the MIMO multi-
band transmitter has not been reported yet. In the case of NxN MIMO B-band transmitter, the coupling
effects of the MIMO paths must be taken into account in the nonlinear behavioral model as well as the
interference effect between different frequency bands. Therefore, considering intermodulation terms
between all the input signals leads to the employment of an NxB-dimensional memory polynomial. It is
apparent that the model complexity can be extremely high.

In this paper, a less complex memory polynomial model and a DPD for linearization of the NxN MIMO
multi-band system in the presence of nonlinear crosstalk are proposed. Since the envelope signals of each
RF carrier are considered to develop the model, the signal processing is independent of the frequency
separation of different bands. The performance of the model is experimentally evaluated for two different
scenarios: a 2x2 MIMO dual-band transmitter and a 2x2 MIMO tri-band transmitter. The measured and
simulated results show the ability of the DPD to model and compensate for the nonlinear and crosstalk

impairments.

2. MODELING OF MIMO MULTI-BAND SYSTEM

A. Modeling of MIMO dual-band transmitter

Nonlinear crosstalk which occurs at the input of PAs, is considered here. By considering a 2x2 MIMO

dual-band system, the input signal of i-th branch can be expressed as:
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where u(i)] and v([g] are the complex envelope of the input signals around the lower and upper frequency
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bands, respectively. The frequency spacing between bands is 2 X w,. Consequently, the output signal of



the transmitter at the lower band of the first MIMO branch in the presence of nonlinear crosstalk can be

modeled as follows:
1 1 2 2
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where «; and B ; are the impulse response of the coupling between MIMO paths. Since £ is a function

of four different signals, a four-dimensional behavioral model is required to model these nonlinear
functions. A model containing all cross-term combinations between all input signals can significantly
increase the number of coefficients and model complexity. On the other hand, the typical value for
crosstalk in transmitters is below -20 dB, and the leakage signals are very weak compared with the main

input signal [5]. Therefore, in order to decrease the complexity, (2) can approximately be written as [12]:
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The output is expressed as a summation of two nonlinear functions, (f; ™ and fz(l)),with each dependent on
only the signals existing in each branch. Consequently, nonlinear functions in (3) can be replaced by the

two-dimensional memory polynomial models. The two-dimensional memory polynomial is expressed as:
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where C,, ;. 4 is the base-band polynomial complex coefficient, and P and Q are the maximum nonlinearity

order and memory depth, respectively. Therefore, the relation between the input and output is proposed as:
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where C2 and C}2 . .are the base-band polynomial complex coefficient related to the lower band

p.k.q p.k.q

signal. From (5), it is apparent that this model is composed of two 2D-memory polynomial terms regarding

the intermodulation between the signals at each MIMO path. Following this process, the output signals of

the transmitter at the upper band of the first MIMO branch, y(l)

v [np @ Well as the signals for the second

branch, y.,; and y<7),, are extracted.

B. Modeling of MIMO tri-band transmitter

In a MIMO tri-band system, the input signal in each path contains three different signals in the lower,

)
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middle, and upper frequency bands determined by u(‘) respectively. Following the same

n]’

procedure in the previous subsection, the output signal of the transmitter in the lower-band of the first path

IS given as:
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Thus, in (6), a six-variable function is decomposed into two independent functions where each term can

be modeled using a three-dimensional memory polynomial [10] as:
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Therefore, a 2x2 MIMO tri-band transmitter with nonlinear crosstalk is modeled as:
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As shown in (8), the tri-band model is an extended version of the dual-band model in (5).
C. Generalized model for NxN MIMO multi-band transmitter

In this subsection, based on the models presented in (5) and (8), a memory polynomial model for an NxN
MIMO multi-band transmitter in the presence of nonlinear crosstalk is proposed. In this case, (3) can be

extended to:
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where xj(i[)n] and yj("[)n] represent the complex envelope input and output signals of the transmitter at j-th

frequency band and i-th MIMO path, respectively. f; ; is the nonlinear function of input signals in different
frequency bands, describes the output for j-th frequency band at i-th path. i=/7,...,N, j=1,...,B, and B is the
total number of frequency bands. The polynomial model for the complex output envelope in each band/path

is expressed as:
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In (11), each path is assumed to receive the crosstalk of all other paths in the MIMO structure. Typically,
the coupling effects between those non-adjacent paths that are far from each other is negligible. Therefore,

corresponding paths in #=1,...,N are neglected where there is a negligible coupling with the i-th path.

The total number of model coefficients for an NxN MIMO B-band transmitter is: N X B X Q X (PéZ).

In this expression, only the odd order of nonlinearity for even values of k; is considered. Therefore, for a

2x2 dual-bad MIMO with P=6 and Q =4, the total number of coefficients are: 160.

D. System identification and DPD compensation



Here, the MIMO multi-band system is presented in a matrix form, and the reverse form of the proposed
model is considered as the DPD scheme.
By adopting linear algebra to develop a matrix form of (11), the forward model for an NxN MIMO multi-

band transmitter in the presence of nonlinear crosstalk can be expressed as:
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where x(l[)] =[xy - x L] and y(‘) =y - ¥ [L]]T for L samples of the captured signal,

i=1,..,N,and also, the coefficient vectors are denoted by:

T
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When we do not have crosstalk between the i-th and t-th paths, h}'t =0.

T
Moreover, Axt = |B L, - B .. 21 and £ %, are defined as matrices where their components are the
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input signals and all intermodulation distortion terms in the model. For example, for a dual-band system,

I Zi is given as:
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The model coefficients h}'t can be estimated using the least square (LS) method and pseudo-inversing of

the basis matrix in (12). In addition, by considering the DPD model as the inverse of forward model of the

transmitter, the reverse model can be extracted simply by swapping the input and output signals [5].



Therefore, the coefficients of DPD, F as the complex DPD model coefficients, are calculated:

—

D= pigv([Ay](l) Ay](N )D [x](l) x](N )J (16)

where D is:
11 R 1,N
d . d d
D=| d : 17)
N 1 N 1 N N
ld} d] d] J

> > SN—1 > . -
and pinv(F) = (F¥ F) ~ F# denotes the pseudo-inverse of the matrix F.

3. VALIDATION PROCESS AND MEASUREMENT SETUP

Owing to the limitation of available synchronous instruments in the lab, the proposed model is validated
for two different scenarios: a 2x2 MIMO dual-band and a tri-band transmitter.

The block diagram of a 2x2 dual-band MIMO system with DPD in the presence of nonlinear crosstalk is
shown in Fig 1.

In the measurement setup, all input signals must be synchronous [7], therefore, in the experimental setup,
four and six synchronous vector signal generators (VSG) were required for the first and second scenarios,

respectively.
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Fig. 1. The block diagram of a 2x2 dual-band MIMO system with DPD.

Due to the lack of enough number of synchronous VSGs in our lab, two VSGs were allocated to the
MIMO paths. Hence, the complex envelope of input signals at lower, middle, and upper frequency bands
for each MIMO path were shifted in frequency, aggregated in baseband, and then up-converted to RF.
However, in this technique, the frequency separation between the bands is limited where the maximum
sampling rate of VSG is 100 MHz. Since the performance of the proposed DPD architecture is completely
independent of frequency separation between two carriers, it is apparent that this setup can be employed to
validate the model.

In the first scenario (2x2 MIMO dual-band transmitter), four different 3 MHz LTE signals with 10.5 dB
PAPR, sampled at 15.36 MHz, were considered as the input signals. Two synchronous VSGs (ESG 4438C)
were utilized as DACs and frequency up-conversion units. For this purpose, the baseband signals assigned
to the lower and upper bands were up-sampled to 92.16 MHz, shifted in frequency domain and aggregated

in baseband. The carrier separation was chosen as 20 MHz. As a result, by up-converting the aggregated
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signal to the RF using signal generators, the lower and upper bands of the dual band signals were set to
1940 MHz and 1960 MHz.

A similar process was deployed to generate the input signals for the second scenario, the MIMO tri-band
transmitter. In this case, three different 3 MHz signals for each path were up-sampled to 92.16 MHz,
shifted in frequency domain and aggregated in order to generate tri-band input signals with frequency
spacing of 12 MHz. By loading the aggregated signals into the signal generators, the tri-band signals were
generated at RF carriers of 1948 MHz, 1960 MHz, and 1972 MHz for the lower, middle and upper bands,
respectively.

In order to artificially generate the crosstalk effect, the output signals of signal generators were connected
with a coupler having -20 dB, and then were fed to the PAs. Fig. 2 shows the measurement setup used for

validation of the proposed model.

FY YT Y FY Y Vi

Analysis in PC for
DPD Extraction

Fig. 2. Block diagram of the measurement setup.

Finally, the output signal of each frequency band for the first and second branches was captured
separately using a vector signal analyzer (VSA 89650S). The VSA was used as a narrowband receiver to
down-convert each band independently.

To compensate for the nonlinear distortion of MIMO dual/tri-band transmitters, 1) the distorted signals at
the output of PAs for each branch/frequency band were captured separately, 2) the DPD model coefficients

were extracted by a PC using LS method, 3) the DPD model was applied to the input signals separately and
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then the distorted signal was aggregated and downloaded to the signal generators again, and 4) the output

linearized signals of the transmitter after applying DPD were captured again.

4. MODEL VALIDATION AND EXPERIMENTAL RESULTS

Two different scenarios, 2x2 MIMO dual-band and tri-band transmitters were considered in order to
validate the proposed model. Normalized mean square error (NMSE) between the measured and estimated
output signal of transmitter was calculated as a figure of merit to assess the accuracy of model. The NMSE
of the reverse model indicates how well the proposed DPD model fits the physical system. For the first
scenario (the MIMO dual-band transmitter), the performance of the DPD model for the dual-band case is

demonstrated in Table I and Fig. 3.

TABLE I: NMSE of model and measured ACPR of output spectrum
for dual-band MIMO system

BAND/ MIMO NMSE ACPR (dBc) ACPR (dBc)

BRANCH (dB) NO DPD With DPD

Lower Band /1st -45.2 -37.8 -57
Branch

Upper Band/1st -46.2 -37.5 -55.8
Branch

Lower Band/2nd -44.4 -37.2 -56.9
Branch

Upper Band/2nd -45.9 -36.4 -55.2
Branch

The accuracy of the inverse model for the lower and upper bands for each path in terms of NMSE is
shown in Table I. Also, the normalized power spectral density (PSD) of the lower-band signal at the output
of the second branch before and after experimentally applying DPD is illustrated in Fig. 3. The red and
green spectra represent the results before and after applying the proposed DPD, respectively. Furthermore,
the blue curve shows the spectra for the error between the input signal and the compensated output signal.
It is evident that a more than 15 dB improvement in spectral regrowth suppression is achieved. The
performance of the proposed DPD in other bands/branches was similar to Fig. 3. The adjacent channel
power ratio (ACPR) as an appropriate metric to evaluate the nonlinear distortion was calculated and

reported in Table | for all output signals.
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Fig. 3.Spectra of measured LB output signal of second path with -20 dB nonlinear crosstalk (red curve:

without linearization; green curve: linearized with proposed DPD; and blue curve: error of DPD).

For the tri-band scenario, the accuracy of the model for the case of the MIMO tri-band transmitter is

shown in Table Il. Finally, the measured ACPR results for the captured signal before and after applying the

proposed DPD are also provided in Table Il. An ACPR better than -50 dBc was achieved using the

proposed DPD.

TABLE II: NMSE of the model, and measured ACPR of the output
spectrum for the tri-bad MIMO system

NMSE  ACPR (dBc) ACPR (dBc)

BAND/ MIMO BRANCH (dB) NO DPD With DPD
Lower Band/1st Branch -39.7 -38.3 -52.0
Middle Band/1st Branch -38.8 -41.0 -51.4
Upper Band/1st Branch -40.7 -39.0 -52.5
Lower Band/2nd Branch -39.5 -38.0 -51.5
Middle Band/2nd Branch -38.3 -41.2 -51.6
Upper Band/2nd Branch -40.0 -40.8 -52.0

5. CONCLUSION

In this work, the nonlinear crosstalk in concurrent MIMO multi-band transmitters was investigated. The

crosstalk was considered at the input of PAs. A novel DPD model for the linearization of the MIMO multi-

band transmitter in the presence of nonlinear crosstalk was proposed. Moreover, an experimental 2x2
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MIMO setup including two PAs in the presence of -20 dB crosstalk was utilized to validate the
performance of the proposed model. For this purpose, two different scenarios for the dual-band and tri-band
MIMO transmitter were implemented and compensated. The simulated and measured results confirmed that
the model closely fits the system. By experimentally applying the proposed DPD, a significant spectral

regrowth suppression, as well as an ACPR lower than -50 dB, was achieved.
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